We report on the influence of sintering gas atmosphere on the thermoelectric (TE) performance of Ca 3 Co 4 O 9 + δ ceramics made from precursor powders synthesized using chemical sol-gel route. Two sets of polycrystalline pellets were sintered in air and oxygen atmosphere, respectively. Sintering gas atmosphere and sintering temperature were found to have great influence on the Ca 3 Co 4 O 9 + δ crystal orientation and formation of the Co 3 O 4 secondary phase. All samples, regardless of sintering atmosphere, had similar Seebeck coefficients S that increased with measurement temperature. By contrast, the electrical resistivity ρ changed dramatically as the sintering temperature and atmosphere changed. For samples sintered in air, when the sintering temperature is above 1193 K, ρ increased as the sintering temperature increased. For samples sintering in oxygen, ρ decreased monotonically as the sintering temperature increased up to 1253 K. Benefited from the reduced ρ, the electrical power factor of the sample sintered in the oxygen at 1253 K is 0.539 mW m −1 K −2 , and 40% greater than that from the sample sintered at 1193 K in air. Dimensionless figure-of-merit ZT of the sample sintered at 1253 K in oxygen is 0.28 at 1073 K, which is 20% greater than that of samples sintered in air at 1193 K. Overall, the highest TE performance was obtained for Ca 3 Co 4 O 9 + δ ceramics sintered in oxygen at 1253 K, which is significantly higher than the Ca 3 Co 4 O 9 + δ decomposition temperature of 1199 K in air.
Introduction
Thermoelectricity is a technique that converts temperature difference into electricity and has wide range of applications for waste heat recovery from vast range of resources. Thermoelectric (TE) oxide p-type calcium cobaltites Ca 3 Co 4 O 9 + δ [1] [2] [3] [4] [5] are particularly promising for on-board heavy-duty vehicle applications and high-temperature waste heat harvesting from power and industrial plants because of their light weight, low toxicity and high thermal stability in air. In comparison with other promising TE materials, Ca 3 Co 4 O 9 + δ has superior thermal stability in air at elevated temperatures. For example, BiCuSeO has gained everincreasing attention in recent years, with the dimensionless figure-of-merit ZT value significantly increased from 0.5 to 1.4 from year 2010 to year 2014 [6] . However, the thermal stability of BiCuSeO is a concern, and BiCuSeO-based TE materials could not be used in air for extended periods, because chemical decomposition resulting in the formation of bismuth oxide occurred when heated over 773 K [7] . By contrast, phase stability analysis of the Ca-Co-O material system has shown that Ca 3 Co 4 O 9 + δ phase is stable up to 1199 K in air; while above 1199 K, it decomposes into a Ca 3 Co 2 O 6 phase [8] that has poor TE performance [9] .
This study on the Ca-Co-O phase diagram is from 1970's, and has been instrumental for guiding the research and development of Ca 3 Co 4 O 9 + δ ceramics during the past decades. Because the decomposition temperature of Ca 3 Co 4 O 9 + δ had been reported to be 1199 K, the sintering temperature for Ca 3 Co 4 O 9 + δ ceramics was usually below this temperature. The phase diagram analysis was also supported by a recent study showing the dependence of the TE performance of Ca 3 Co 4 O 9 + δ on sintering temperature. It was confirmed that Ca 3 Co 4 O 9 + δ could be synthesized using solid-state reactions and that it was stable up to sintering temperature of 1193 K [10] . When the sintering temperature is 1273 K, there is formation of Ca 3 Co 2 O 6 phase.
It is worthwhile to point out that this decomposition temperature of 1193 K is for Ca 3 Co 4 O 9 + δ pellets sintered in air. For various oxide ceramics, it has been shown that sintering or annealing gas atmosphere has great influence on their electrical properties. For Ca 3 Co 4 O 9 + δ films deposited using radio-frequency sputtering on single crystal sapphire substrate, it was shown that annealing under different oxygen concentration has influence on the transformation of Ca x CoO 2 into the Ca 3 Co 4 O 9 + δ phase [11] . In terms of bulkscale ceramics, for hot-pressed Ca 3 Co 4 O 9 + δ doped with Bi, subsequent annealing in an atmosphere of Ar and air has great influence on the electrical conductivity, with samples annealed in Ar exhibiting a reduction in electrical conductivity [12] . The above mentioned study on the influence of atmosphere on the performance of Ca 3 Co 4 O 9 + δ is all about annealing of Ca 3 Co 4 O 9 + δ films at temperature lower than 1073 K. Recently, there is a very helpful study by Sedmidubsky et al. on the theoretical calculation of the phase equilibria in the Ca-Co-O system revealing the phase stability difference in air and oxygen atmosphere [13] . Nevertheless, for Ca 3 Co 4 O 9 + δ bulk ceramics that need to be sintered at high temperatures to achieve high density and superior mechanical properties, to date there are no reported studies about the effect of sintering atmosphere on their TE performance and thermal stability of ceramics sintered at temperature higher than 1199 K.
In the present work, we have demonstrated that gas atmosphere applied during sintering process not only affects the electrical conductivity of polycrystalline Ca 3 Co 4 O 9 + δ ceramics, but also greatly influences its high-temperature stability, which it is critical to ensure the viability of these materials in waste heat recovery applications. In contrast to pellets sintered in air that decompose at~1199 K, the samples sintered in an oxygen atmosphere have greater stability up to 1253 K. In addition, pellets sintered in oxygen at 1253 K have superior performance with an increase in the power factor by a factor of 1.5 in comparison to pellets sintered in air at 1193 K.
Experimental procedure
The precursor powders with nominal composition Ca 3 Co 4 O 9 + δ were prepared by a sol-gel chemical solution route. Firstly, stoichiometric amounts of calcium nitrate tetrahydrate (Acros Organics, CAS: 13477-34-4) and cobalt nitrate hexahydrate (Acros Organics, CAS: 10026-22-9) were dissolved in de-ionized water with additions of citric acid (BDH, CAS: 5949-29-1) and ethylene glycol (BDH, CAS: 107-21-1). Thereafter, the solution was heated at 350 K on a hot stage with constant mechanical stirring for 3 h to obtain a gel. Then, the gel was ashed at 773 K for 1 h in a box furnace. The ashed product was mechanically ballmilled for 10 min in ethanol medium using 500 rpm. And then the milled powders were calcined at 973 K for 4 h in a tube furnace under a constant oxygen flow to form the precursor powders. The calcined powders were ground and uniaxially pressed into pellets under a pressure of 1 GPa at room temperature. The pellets were sintered for 12 h in air and oxygen atmosphere, respectively, at different temperatures. The apparent density of the pellets is determined by the ratio of the mass to a given volume.
The electrical resistivity ρ and the absolute Seebeck coefficient S were measured in the direction parallel to the pressed plane of the pellets from 313 K up to 1073 K using a Linseis LSR-1100 in a He environment. The measurement of the thermal properties was also conducted in the direction parallel to the pressed plane of the pellets. The thermal properties were measured from 373 K up to 1073 K in low air pressure using a Laser Flash Analyzer Linseis-1200. Xray diffraction (XRD) analysis was carried out using a PANalytical X′Pert Pro X-ray diffractometer (with CuKα radiation source, 40 kV and 40 mA) for phase identification. The XRD were performed on powders ground from pellets sintered under different conditions. A JEOL JSM 7600 F Scanning electron microscope (SEM), and a JEM-2100 transmission electron microscope (TEM) equipped with Oxford INCA energy dispersive X-ray spectroscopy were used to examine the structure and chemistry from atomic to micrometer scale. Figure 1a , b shows the temperature dependence of ρ of the samples sintered in air and oxygen, respectively. For the samples sintered in air (in Fig. 1a ), ρ increases slightly with the measurement temperature. Among the samples sintered in air, ρ of the sample sintered at 1193 K is the lowest. Then ρ increases continuously as the sintering temperature increases to 1213 and 1233 K. By contrast, for the samples sintered in oxygen (Fig. 1b) , ρ decreases as the sintering temperature increases up to 1253 K. However, once the sintering temperature increases to 1273 K, ρ rises dramatically. Fig. 2b ), the samples sintered at 1193 and 1213 K have the similar value of S as that from the samples sintered in the air. When the sintering temperature is over 1213 K, S at the room temperature increases slightly as the pellets sintering temperature increases up to 1273 K. The electrical power factor S 2 /ρ for bulk samples sintered in air is depicted in Fig. 3a . S 2 /ρ decreases significantly when the sintering temperature is over 1193 K. By contrast, The thermal conductivity κ (in Fig. 4 ) of the samples sintered in either air or oxygen all slightly increase as the sintering temperature increases. Overall, for samples sintered in air, the pellet sintered at 1193 K has the highest ZT of 0.22 at 1073 K, as shown in Fig. 5a . By contrast, the ZT of the sample sintered in oxygen at 1233 K reached the highest value of 0.28, which is 1.27 times greater than that of the sample sintered at 1193 K in air. For Ca 3 Co 4 O 9 + δ ceramics without dopants, the ZT of 0.28 is the highest value ever reported among pristine Ca 3 Co 4 O 9 + δ synthesized using various methods including spark plasma sintering [14] .
Results and discussion

TE performance
Microstructure examination
Apparent densities of the samples sintered in air and oxygen are listed in Table 1 . Each value listed in Table 1 is the average apparent measured from three pellets that were sintered under the same conditions.
For samples sintered in the air, there is no apparent density changes with sintering temperature between 1193 and 1233 K. By contrast, for pellets sintered in oxygen, the pellets density increases with sintering temperature up to 1253 K. On the other hand, for a sintering temperature is 1273 K, the density of the pellets is lower than that sintered at 1253 K.
XRD diffraction peaks from ground powders of pellets shown in Fig. 6 can be indexed as those of the Ca 3 Co 4 O 9 + δ Table 2 . It was found that the lattice parameter of Ca 3 Co 4 O 9 + δ phase from sample sintered at 1213 K is larger than that of Table 3 .
As the sintering temperature increases up to 1273 K, values of the lattice parameters a and c also increase. The lattice parameter c also increases as the sintering temperature increases up to 1253 K. When the sintering temperature is up to 1273 K, the lattice parameter c decreased slightly and became smaller than that of the sample sintering at 1253 K.
SEM images of the pressed plane and fractured surface (plane-sectional and cross-sectional views) of the pellets sintered in air are shown in Fig. 7 . These images from different samples reveal the presence of crystals with similar [15] . However, when the sintering temperature is over 1193 K, plane-view images show that grains change their orientation with the larger dimension of the pancake changing from parallel to perpendicular to the press-plane of the pellets. In other words, there are large amount of grains with c-axis lying along the press-plane of this pellet. Such grain orientation and microstructure changes are consistent with the electrical resistivity shown in Fig. 1a . When the sintering temperature is over 1193 K, the electrical resistivity increases dramatically due to the anisotropy [2] in electrical conductivity of the Ca 3 Co 4 O 9 + δ unit cell being electrically conducting along the a-b plane and high resistivity along the c direction.
For the pellets sintered in oxygen (Fig. 8) , the grain size tends to increase with the sintering temperature. When the sintering temperature increases to up to 1253 K, significant grain growth occurred. The grain size increases as the sintering temperature increases, thus resulting in the decreased electrical resistivity when the sintering temperature continuously increased to 1253 K. For pellet sintered at 1273 K, the Ca 3 Co 4 O 9 + δ grains from the pressed surface of the sample sintered have different crystal orientation in comparison with those of pellets sintered at lower temperatures. Again, there are large amount of grains with caxis lying along the press-plane of this pellet. Because of the large anisotropy in electrical conductivity of the Ca 3 Co 4 O 9 + δ unit cell being electrically conducting along the a-b plane and high resistivity along the c direction, the grain orientation changes will greatly decrease the electrical conductivity, as well as demonstrated in Fig. 1b . The above results demonstrate that changes in electrical conductivity of different samples seem not to be intrinsic to the materials, but depend on microstructural features that are largely affected by the sintering conditions of the polycrystalline pellets.
The samples sintered at different temperatures were subjected to further nanostructural analysis using TEM. TEM images for the three samples sintered in air at temperatures up to 1233 K, revealed that the major phase is Ca 3 Co 4 O 9 + δ , which has a nano-lamella structure as shown in Fig. 9a . These results were found to be consistent with the results from XRD analyses. Our previous work [16] has revealed that the longer micron-sized dimensions of the nano-lamellas are always perpendicular to the c-axis of the monoclinic Ca 3 Co 4 O 9 + δ phase. Also, consistent with the XRD results, when the sintering temperature is 1233 K, there is formation of Co 3 O 4 secondary phase, which was confirmed by electron diffraction, as shown in Fig. 9c . On the other hand, for samples sintered in oxygen, typical diffraction contrast images Fig. 10a, b, c, d , e and d taken from the samples sintered at different temperatures show significant nano-lamella thickness increase along with increasing sintering temperature up to 1273 K. The increased grain size is shown in SEM images (in Fig. 8 ) and increased lamella thickness will reduce the grain boundary density for phonon scattering and these results will yield an increase in thermal conductivity as shown in Fig. 4 .
The present study clearly demonstrated that the sintering atmosphere has great influence on the TE performance and thermal stability of Ca 3 Co 4 O 9 + δ ceramics. It was found that the highest TE power factor value corresponded to samples sintered in oxygen at temperature of 1253 K, which is significantly higher than the reported Ca 3 Co 4 O 9 + δ decomposition temperature of 1199 K in air [8] . The thermal stability was also evidenced by the results of the microstructural analysis. For all the samples in the current study, XRD, and TEM revealed that the major crystal phase is Ca 3 Co 4 O 9 + δ , and there is no formation of Ca x CoO, Ca 3 Co 2 O, Ca 2 Co 2 O 5 [17] [18] [19] [20] . Such phase analysis is consistent with the Seebeck coefficient of these materials, especially the one sintered in air. As shown in Fig. 2a , the Seebeck coefficient from samples sintered at 1193, 1213 and 1233 K overlap over the entire range of measurement temperatures. By contrast, S (in the low temperature regime) of samples sintered in oxygen increases slightly as the sintering temperature is over 1213 K, while ρ of the sample simultaneously decreases. The increased S observed for samples sintering in oxygen is consistent with values reported for thin-films [11] . Furthermore, the simultaneous increase of S and decrease of ρ clearly indicate the increased carrier mobility resulting from sintering in oxygen. Even though it is not clear what the electronic structure origin of the increased carrier mobility is, the current results demonstrate that the density of oxygen vacancies and the oxygen stoichiometry in the unit cell is tunable [21] , and has significant influence on the TE performance of Ca 3 Co 4 O 9 + δ ceramics. Our present results indicate that when sintering in oxygen, there is decrease in the oxygen vacancy density that is accompanied by the increases of lattice parameter as shown in Table 3 .
In addition, sintering gas atmosphere and sintering temperature were found to have great influence on the Ca 3 Co 4 O 9 + δ crystal orientation and formation of the Co 3 O 4 secondary phase. For samples sintered in air at temperatures over 1193 K, and the sample sintered in oxygen above 1253 K, there is an apparent crystal orientation change. For example, when the sintering temperature is over 1253 K in oxygen, plane-view images demonstrated that grains change their orientation with the larger dimension of the pancake changing from parallel to perpendicular to the press-plane of the pellets. Because of the large anisotropy in electrical conductivity of the Ca 3 Co 4 O 9 + δ unit cell being electrically conducting along the a-b plane and high resistivity along the c direction, the grain orientation changes will greatly decrease the electrical conductivity, as well as demonstrated in Fig. 1 , that are largely affected by the sintering conditions of the polycrystalline pellets.
Summary
The present study reports direct comparison of the TE performance of Ca 3 Co 4 O 9 + δ ceramics sintered in air and oxygen, respectively. To the authors' knowledge, this is the first study demonstrating that polycrystalline Ca 3 Co 4 O 9 + δ ceramics could have superior TE performance when sintered in oxygen atmosphere at 1253 K, which is much higher than the previously reported decomposition temperature of 1199 K in air. In addition, for polycrystalline Ca 3 Co 4 O 9 + δ ceramics sintered at 1253 K in oxygen, the power factor increased by a factor of 1.5 in comparison to that from pellets sintered in air at 1199 K. The present study has identified a much wider temperature range for processing Ca 3 Co 4 O 9 + δ ceramics with superior TE performance, and also increase its high temperature limit from 1199 to 1253 K for such applications as high temperature waste heat recovery.
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